FICZ and TCDD, two high-affinity AhR ligands, are reported to have opposite effects on T cell differentiation with TCDD inducing regulatory T cells and FICZ inducing Th17 cells. This dichotomy has been attributed to ligand-intrinsic differences in AhR activation, although differences in sensitivity to metabolism complicate the issue. TCDD is resistant to AhR-induced metabolism and produces sustained AhR activation following a single dose in the lg/kg range, whereas FICZ is rapidly metabolized and AhR activation is transient. Nonetheless, prior studies comparing FICZ with TCDD have generally used the same 10-50 lg/kg dose range, and thus the two ligands would not equivalently activate AhR. We hypothesized that highaffinity AhR ligands can promote CD4 þ T cell differentiation into both Th17 cells and Tregs, with fate depending on the extent and duration of AhR activation. We compared the immunosuppressive effects of TCDD and FICZ, along with two other rapidly metabolized ligands (ITE and 11-Cl-BBQ) in an acute alloresponse mouse model. The dose and timing of administration of each ligand was optimized for TCDD-equivalent Cyp1a1 induction. When optimized, all of the ligands suppressed the alloresponse in conjunction with the induction of Foxp3 -Tr1 cells on day 2 and the expansion of natural Foxp3 þ Tregs on day 10. In contrast, a low dose of FICZ induced transient expression of Cyp1a1 and did not induce Tregs or suppress the alloresponse but enhanced IL-17 production. Interestingly, low doses of the other ligands, including TCDD, also increased IL-17 production on day 10. These findings support the conclusion that the dose and the duration of AhR activation by high-affinity AhR ligands are the primary factors driving the fate of T cell differentiation.
The aryl hydrocarbon receptor (AhR) is a ligand-activated heterodimeric transcription factor that is a member of the basic helix-loop-helix-Per/ARNT/Sim family. Following ligand binding in the cytoplasm, AhR dissociates from its complex with Hsp90 and the AhR-interacting protein, XAP2, allowing for ligated AhR to translocate into the nucleus. There, AhR dimerizes with the AhR nuclear translocator (ARNT), that then binds to xenobiotic response elements (XREs), promoting the up-or downregulation of a multitude of target genes in many different tissues. Through this canonical pathway, AhR also regulates the metabolism of AhR ligands by inducing a battery of genes including Cyp1a1 and Cyp1b1, which are often used as biomarkers of AhR activation. Furthermore, AhR can interact with several other signaling pathways (eg, NFjB, estrogen receptor, KLF6), expanding its influence on gene regulation (Beischlag et al., 2008; Denison et al., 2011; Nebert, 2017; Wright et al., 2017) .
AhR activation influences many aspects of immunological function, but its role in the suppression of adaptive immune responses is most thoroughly documented. Based primarily on studies with TCDD, a high-affinity AhR ligand, immune suppression results from activation of AhR in CD4 þ T cells and dendritic cells (DCs) during early stages of the response to antigen (Bankoti et al., 2010; Duarte et al., 2013; Funatake et al., 2005; Hauben et al., 2008; Kerkvliet et al., 2002; Quintana et al., 2010; Vorderstrasse and Kerkvliet, 2001) . AhR activation in CD4 þ T cells directly alters gene expression and, subsequently, T cell differentiation into IL-10 producing, Foxp3 -type 1 regulatory T cells (Tr1 cells) (Apetoh et al., 2010; Marshall et al., 2008) . In addition, AhR activation in DCs has been shown to promote a tolerogenic phenotype that increases the percentage of Foxp3 þ Tregs (Benson and Shepherd, 2011b; Hauben et al., 2008; Quintana et al., 2010; Vogel et al., 2008) . The increase in the frequency of regulatory T cells following AhR activation has been associated with the suppression of several immunemediated diseases (Benson and Shepherd, 2011a; Ehrlich et al., 2016; Funatake et al., 2005; Hauben et al., 2008; Quintana et al., 2008; Schulz et al., 2011; Singh et al., 2011; Zhang et al., 2010) . These studies provide support for the development of AhR ligands for therapeutic use (Ehrlich and Kerkvliet, 2017) . In contrast to an increase in regulatory T cells by TCDD, another high-affinity AhR ligand, FICZ, has been reported to enhance Th17 responses and exacerbate immune-mediated diseases in several mouse models (Quintana et al., 2008; Schulz et al., 2012; Singh et al., 2016; Veldhoen et al., 2008) . These divergent outcomes following AhR activation have been interpreted as reflecting ligand-intrinsic effects on CD4 þ T cell differentiation, although no definitive explanation for such differences have been reported. However, one issue with this interpretation is that FICZ has been administered in the same dose range as TCDD, despite major differences in their susceptibility to metabolic breakdown (Gasiewicz et al., 1983; Mukai and Tischkau, 2007; Wheeler et al., 2014) . TCDD, which is resistant to AhRinduced metabolism, has a long half-life and induces sustained AhR activation following a single dose in the lg/kg range. FICZ, in contrast, is rapidly metabolized. Thus, when a single lg/kg dose of FICZ is administered, AhR will be transiently activated for only a few hours whereas the same dose of TCDD will maintain AhR activation for at least 1 to 2 weeks. In the current study, we hypothesized that high-affinity AhR ligands have similar effects on CD4 þ T cell differentiation, with cell fate dependent on the extent and duration of AhR activation. To test this hypothesis, low and high doses of several high-affinity AhR ligands (TCDD, FICZ, ITE, 11-Cl-BBQ) were used to determine the effects on CD4 þ T cell differentiation using a parent-into-F1 alloresponse mouse model (Kerkvliet et al., 2002; Puliaev et al., 2005) . The results show that all of the ligands induced AhR-Tr1 cells on day 2 and increased Foxp3 þ Tregs on day 10 in conjunction with suppression of the alloresponse when administered at doses/dose rates that activate AhR to the same extent as the Treg-inducing dose of TCDD. Furthermore, we found that the increase in Foxp3 þ Tregs represented an expansion of donor-derived natural Tregs rather than differentiation of naïve CD4 þ T cells. In contrast, low doses of the ligands, even when given daily, did not induce Tregs nor alter the alloresponse, but instead increased the percentage of CD4 þ cells that produce IL-17. Collectively, the data suggest that AhR activation produces a hormetic-like response; when AhR activation is minimal, it will enhance profinflammatory immune responses while stronger and sustained AhR activation will result in immune suppression. ELISA. Splenocytes were stimulated ex vivo with PMA/ionomycin (eBioscience, San Diego, CA) for 6 h. Culture supernatants were removed and IL-17 was measured using the eBioscience Ready Set Go IL-17 ELISA Kit, according to the manufacturer's protocol.
MATERIALS AND METHODS
In silico studies. Mouse and human AhR homology models of the Per-ARNT-Sim B (PASB)-ligand binding domains were developed based on the 3D-coordinates of the resolved structure of the HIF-2a-PASB (PDB 1P97) using both TCDD-and FICZ-guided optimization (Hubbard et al., 2015; Perkins et al., 2014) . Molecular docking was performed as previously reported (Perkins et al., 2014) , using the ICM-Virtual Ligand Screening (Molsoft ICM, San Diego, CA) procedure. The scoring function provides a good approximation of the binding free energy between a ligand and a receptor and is usually a function of different energy terms based on a force-field. The ICM scoring function is weighted according to the following parameters (1) internal force-field energy of the ligand, (2) entropy loss of the ligand between bound and unbound states, (3) ligand-receptor hydrogen bond interactions, (4) polar and nonpolar solvation energy differences between bound and unbound states, (5) electrostatic energy, (6) hydrophobic energy, and (7) hydrogen bond donor or acceptor desolvation. The lower the ICM score, the higher the likelihood that the ligand is a good fit within the receptor (Perkins et al., 2014) .
Statistics. All statistical analyses were performed using Graphpad Prism (La Jolla, CA). One-way ANOVA with Tukey's test for multiple comparisons was used to determine differences between treatment groups, with p .05 considered statistically significant.
RESULTS

In Silico Molecular Modeling and Docking of AhR Ligands
Initial studies were carried out to compare the AhR-binding properties of several known high-affinity AhR ligands that have been previously reported to influence CD4 þ T cell differentiation, including TCDD, FICZ, ITE, 11-Cl-BBQ, and DIM ( Figure 1A ). Using TCDD-and FICZ-optimized models of mouse and human AhR-PASB ligand binding domains (Hubbard et al., 2015; Perkins et al., 2014) , docking simulations were performed for each ligand. As shown in Figure 1B , TCDD docking generated the lowest score in both species and models. FICZ, ITE, and 11-Cl-BBQ had comparable docking scores in the mouse and human TCDD-optimized models. As expected, FICZ had a lower score than the other rapidly metabolized ligands in the FICZoptimized model. 11-Cl-BBQ had a higher docking score than expected in the FICZ-optimized model given its known high affinity for AhR (Punj et al., 2014) . The docking score of DIM was highest in the series for both species in the TCDD-optimized model and in the human FICZ-optimized model. Overall, the prevailing view that FICZ is a unique AhR ligand could not be explained based on differences in molecular docking.
Determination of Dosing Regimens for Rapidly Metabolized AhR Ligands to Achieve AhR Activation Comparable to TCDD
In a parent-into-F1 alloresponse model, a single dose of 15 lg/kg TCDD maintains AhR activation for more than 2 weeks as measured by Cyp1a1 induction in the liver. This dose of TCDD skews CD4 þ T cell differentiation toward a Tr1-like phenotype on day 2 of the alloresponse and suppresses the development of the CTL response (Funatake et al., 2005) . Similar Tr1-like skewing of CD4 þ T cell differentiation occurred when mice were treated daily with Cl-BBQ, delivered at a dose that maintained AhR activation similarly to TCDD (Punj et al., 2014) . Subsequent studies with Cl-BBQ have shown that AhR activation in donor CD4 þ T cells during the first 3 days of the alloresponse is sufficient to suppress the alloresponse. During this window of time, the differentiation of the CD4 þ T cells is skewed toward AhR-Tr1 cells that inhibit T effector cell development . To determine if other high affinity, rapidly metabolized AhR ligands induce AhR-Tr1 cells and suppress the alloresponse, we first determined the dose and dose rate for each ligand of interest that induces hepatic Cyp1a1 to the same extent as 15 lg/kg TCDD as measured at 20 h. The individual 10-and 11-Cl-BBQ congeners in Cl-BBQ as well as DIM, FICZ, and ITE were chosen for this study, and optimized treatment regimens were determined empirically . Initially, each ligand was administered i.p. at 10 mg/kg and Cyp1a1 was measured at 4, 12, and 20 h ( Figure 2A ). Although Cl-BBQ and FICZ maintained a high level of Cyp1a1 induction throughout this period, Cyp1a1 induction by ITE peaked at 4 h and then declined to a low level by 20 h. DIM failed to induce Cyp1a1 at any time point, consistent with its high docking score ( Figure 1B ). Cyp1a1 induction remained low in ITE-treated mice, at 20 h even after increasing the dose to 40 mg/kg ( Figure 2B ). When the dose of ITE was increased to 80 mg/kg and administered at 0 and 12 h, Cyp1a1 induction was increased; however, mice showed signs of overt toxicity ( Figure 2C ). Ultimately, ITE was administered at 40 mg/ kg every 6 h, which maintained high Cyp1a1 induction without toxicity. 10-Cl-BBQ, used in prior studies (Ehrlich et al., 2016; Punj et al., 2014) , was later identified as a 35:65 mixture of 10-and 11-Cl-BBQ congeners. To determine if there were differences in potency, Cyp1a1 induction at 20 h was compared in mice treated with 10 mg/kg of either the Cl-BBQ mixture or the individual congeners ( Figure 2D ). Based on in vitro data suggesting that 11-Cl-BBQ was more potent than 10-Cl-BBQ at inducing Cyp1a1 in hepatocytes (data not shown), a 5 mg/kg dose of 11-Cl-BBQ was also tested. Results showed that 11-Cl-BBQ was more potent than 10-Cl-BBQ ( Figure 2D ), and therefore 11-Cl-BBQ was used for subsequent studies. The final optimized dosing regimen for each ligand is shown in Figure 2E . The ability of 11-Cl-BBQ, ITE, and FICZ administered according to the optimized dosing regimen to maintain Cyp1a1 expression to the same extent as 15 lg/kg TCDD was assessed. Treatment began at the time of donor cell transfer, and Cyp1a1 and Cyp1b1 were measured on day 2 of the alloresponse. A low dose of FICZ (50 lg/kg; FICZ low ) that has been previously reported to promote IL-17 production (Quintana et al., 2008; Schulz et al., 2012; Singh et al., 2016) was used for comparison to the optimized dose of FICZ (10 mg/kg). On day 2 after donor cell transfer, host mice treated with the optimized doses of the different ligands showed an approximately 5000-fold increase in Cyp1a1 induction over vehicle-treated mice. In contrast, daily Cyp1a1 was measured at 20 h postadministration. (E) Optimized doses that led to TCDD-equivalent Cyp1a1 induction. (F, G) Spleen and peripheral lymph node cells from B6 mice were transferred into F1 host mice (day 0). Host mice were treated with optimized doses of AhR ligands: TCDD (15 lg/kg on day 0), 11-Cl-BBQ (7.5 mg/kg on days 0 and 1, BBQ), ITE (40 mg/kg every 6 hours on days 0 and 1), and FICZ (10 mg/kg on days 0 and 1). Treatment with a low dose of FICZ (50 lg/kg on days 0 and 1, FICZ low ) was also included. Mice were sacrificed on day 2, and Cyp1a1 (F) and Cyp1b1 (G) were measured in the liver. Cyp1a1 and Cyp1b1 expression were normalized to Actb and fold-change was calculated by the DDCt method using vehicle-treated sample values as the control. Each point represents an individual mouse. Treatment groups with different letters are significantly different. p .05. FICZ low treatment led to an 8-fold increase in Cyp1a1 expression ( Figure 2F ). A similar pattern was observed with Cyp1b1 induction ( Figure 2G ). These data demonstrate that repeated administration of rapidly metabolized high-affinity AhR ligands can maintain AhR activation to the same extent as TCDD.
Optimized Doses of TCDD, 11-Cl-BBQ, ITE, and FICZ Suppress the Alloresponse To determine if rapidly metabolized AhR ligands suppress CD4 þ T cell responses similarly to TCDD, mice were treated with the optimized high-dose regimen of 11-Cl-BBQ, ITE, and FICZ during the CD4-dependent phase of the alloresponse (days 0-3), and the development of allo-CTL was assessed on day 10.
Consistent with previous studies (Kerkvliet et al., 2002; Rohlman et al., 2013) , 15 lg/kg of TCDD prevented the alloresponse-associated weight loss that progresses in vehicletreated mice after 6 days in association with the development of the allo-CTL response ( Figure 3A ). In addition, TCDD treatment suppressed the development of allo-CTL, which was reflected by the prevention of host cell destruction as measured by host B cell depletion (Figs. 3B and 3C ). Like TCDD, treatment with the optimized doses of the rapidly metabolized ligands, 11-Cl-BBQ, ITE, and notably FICZ, also suppressed the allo-CTL response (Figs. 3A-C) . FICZ low treatment did not influence the alloresponse (Figs. 3A-C) .
TCDD, 11-Cl-BBQ, ITE, and FICZ Induce AhR-Tr1 Cells on Day 2 of the Alloresponse AhR activation with TCDD or Cl-BBQ promotes the differentiation of AhR-Tr1 cells on day 2 of the alloresponse (Funatake et al., 2005; Punj et al., 2014) . These activated AhR-Tr1 cells are characterized by high expression of CD25 and CTLA4 as well as low expression of CD62L (Funatake et al., 2005) . Furthermore, AhR-Tr1 cells express the chemokine receptors CCR9 and CCR4, which promote the migration of AhR-Tr1 cells toward mucosal tissues . To determine if other rapidly metabolized high-affinity AhR ligands also promote CD4 þ T cell differ- 
Low Doses of AhR Ligands Increase IL-17 Production
Treatment of mice with 50 lg/kg of FICZ has been shown to induce a Th17 response and to exacerbate central nervous system autoimmunity in a mouse model of experimental autoimmune encephalomyelitis (EAE) (Quintana et al., 2008) . To determine if this dose of FICZ would also enhance IL-17 production in the alloresponse model, we measured ex vivo production of IL-17 by ELISA on day 2 and day 10 of the alloresponse. Splenocytes from mice treated with FICZ low showed a trend toward increased IL-17 production on day 2 ( Figure 7A ) and significantly increased IL-17 production on day 10 of the alloresponse ( Figure 7B ). As expected, optimized doses of TCDD, 11-Cl-BBQ, ITE, and FICZ did not increase IL-17 production, but instead significantly reduced IL-17 production when compared with vehicle-treated mice.
To determine if low doses of the other rapidly metabolized AhR ligands could induce IL-17 production, host mice were treated with 50 lg/kg of 11-Cl-BBQ or ITE on days 0-3 of the alloresponse. Likewise, TCDD was tested for its ability to induce IL-17 production using a single dose of 0.6 lg/kg, which was previously shown to increase IL-17 production during peanut sensitization (Schulz et al., 2011) . Treatment of mice with low doses of any of the ligands did not affect the generation of the alloresponse (Figs. 7C and 7D ). However, on day 10, all of the ligands induced an increase in the percentage of CD4 þ T cells that were IL-17 þ (Figs. 7E and 7F ). The IL-17 þ cells appeared to represent two subpopulations based on the fluorescence intensity of IL-17, a large population of low-expressing cells and a small population of high-expressing cells. AhR ligands increased the percentage of CD4 þ cells that expressed low but not high levels of . In a separate experiment, the low dose of TCDD and ITE but not 11-Cl-BBQ, increased the production of IL-17 by splenocytes cultured ex vivo ( Figure 7H ). The lack of effect of Cl-BBQ on IL-17 production may be due to the fact that the 50 lg/kg dose used was not optimized for enhancing IL-17 production. A full dose characterization would be necessary to determine an optimal dose for promotion of IL-17 production. Nonetheless, our data clearly show that low-level AhR activation by diverse AhR ligands can promote IL-17 production by CD4 þ T cells.
DISCUSSION
Over the past 10 years, a paradigm in AhR immunobiology has become established that high-affinity AhR ligands promote the induction of either Tregs or Th17 cells. This paradigm is based primarily on studies of EAE in which treatment of mice with TCDD induced Tregs and suppressed disease whereas treatment with FICZ induced Th17 cells and exacerbated disease (Quintana et al., 2008; Veldhoen et al., 2008) . The Treg-inducing ability of additional AhR ligands, such as ITE, Cl-BBQ, I3C, and VAG539, has since been documented in several different disease models (Hauben et al., 2008; Nugent et al., 2013; Punj et al., 2014; Quintana et al., 2010; Singh et al., 2016) ; however, FICZ remains the only AhR ligand that has been shown to induce Th17 cell differentiation in vivo. Proposed explanations for AhR ligandspecific effects on CD4 þ T cell differentiation include differences in (1) receptor conformations following the binding of structurally different AhR ligands, (2) genes regulated by XRE-and non-XRE-dependent pathways, (3) interactions with microRNAs, (4) cytokine microenvironments, (5) the route of administration of the ligands, and (6) persistence of AhR activation (Denison and Faber, 2017; Julliard et al., 2014; Mohinta et al., 2015; Singh et al., 2016; Stockinger et al., 2014) . In this study, we challenge the existing paradigm by showing that several AhR ligands can promote IL-17 production and that FICZ can also induce regulatory T cells. Importantly, we demonstrate that the outcome of CD4 þ T cell differentiation is determined by the ligand dose and doserate used to activate the AhR, and not by the specific ligand. These data suggest that the duration and strength of AhR activation determines when or if Th17 cells or regulatory T cells (AhR-Tr1 cells and Foxp3 þ Tregs) are induced.
Several reports have provided clues that the extent of AhR activation could play a role in the outcome of CD4 þ T cell differentiation. In 2012, Schulz et al. compared the effects of treatment with TCDD (15 lg/kg) and FICZ (50 lg/kg, 2 times/week) on peanut sensitization and found that TCDD, but not FICZ, induced Tregs and suppressed peanut antigen-specific immune responses. Subsequent studies showed that 500 lg/kg FICZ increased Cyp1a1 by approximately 8-fold when measured 24 h after the final of three doses over an 8-day period in comparison to a 5000-fold increase by a single dose of TCDD. The authors speculated that the inability of FICZ to suppress peanut sensitization or induce Tregs was due to its rapid metabolism and inability to maintain activation of AhR to the same extent as TCDD. Wheeler et al. (2014) were the first to try to account for differences in AhR ligand metabolism while directly comparing the effects of TCDD and FICZ on the CD8 þ T cell response to influenza. After noting that AhR was only transiently activated following a single dose of 10 lg/kg FICZ in vivo, they utilized two approaches to enhance FICZ's AhR-activating potential. The first approach employed micro-osmotic pumps for continuous FICZ exposure at a rate of 10 lg/kg/h (240 lg/kg/day). Although this approach led to a more sustained activation of AhR, Cyp1a1 induction was still approximately 10-fold less than the level induced by a 10 lg/kg dose of TCDD. In a second set of experiments, Cyp1a1-knockout mice were used to reduce the metabolism of FICZ delivered by the micro-osmotic pump, presumably increasing the FICZ serum concentration. Using this combination approach, they found that FICZ treatment led to a reduction in IFNc-producing CD8 þ T cells and a trend toward fewer influenza-specific CD8 þ T cells. Although the extent of the reduction of these CD8 þ T cell responses did not reach that of a single dose of TCDD, by increasing the exposure rate and reducing metabolism, FICZ began to "behave" more like TCDD. The comparative effects of TCDD and FICZ on Th17 differentiation were not examined in these studies. Building upon the Wheeler study, our experimental approach was designed to further optimize the dose rate of rapidly metabolized ligands to match the extent of AhR activation that is seen with 15 lg/kg TCDD. We used hepatic Cyp1a1 induction as a biomarker for systemic AhR activation to determine the TCDD-equivalent daily dose. For the most part, this approach was successful, and a similar in vivo efficacy to induce regulatory T cells and to suppress the allo-CTL response was observed with all of the AhR ligands tested, including FICZ. However, despite similar Cyp1a1 induction at 20 h, there were quantitative differences in the magnitude of CD4 þ T cell responses and in degree of suppression of body weight loss. Most notably, ITE treatment consistently resulted in a higher percentage of CD4 þ T cells expressing AhR-Tr1 markers on day 2 and Foxp3 þ Treg markers on day 10 in comparison with the other ligands. This difference could be due to the fact that ITE was administered every 6 h which may have led to higher spikes of Cyp1a1 expression. Conversely, the CD4 þ T cell response to 10 mg/kg FICZ tended to be lower than the other ligands, even though hepatic Cyp1a1 levels were comparable at 20 h. Although it is possible that hepatic Cyp1a1 expression levels did not accurately reflect the level of AhR activation in CD4 þ T cells themselves, we have shown that Cyp1a1 induction in alloresponding CD4 þ T cells from mice treated i.p. with TCDD or Cl-BBQ is equivalent when using hepatic Cyp1a1-normalized dosing . Measuring AhR activation directly in target cells may be more critical when trying to compare the effects of AhR ligands delivered by different treatment routes. This is evident from past studies with FICZ where both the dose and route of administration differed and Cyp1a1 was not measured. For example, in the EAE mouse model, s.c. administration of 600 ng FICZ (Veldhoen et al., 2008) increased the number of Th17 cells and exacerbated disease, as did a single i.p. dose of 1 lg FICZ (Quintana et al., 2008) . In contrast, i.p. administration of a single dose of 10 mg/kg FICZ ameliorated EAE, although not as robustly as TCDD (Duarte et al., 2013) . Based on our studies, it is likely that daily, rather than a single dose of 10 mg/kg FICZ would have led to TCDD-equivalent Cyp1a1 induction and equal suppression of EAE. The authors proposed that the contradictory disease outcomes between mice treated with FICZ at 10 mg/kg by i.p. injection and mice treated with 600 ng by s.c. injection resulted from the different routes of administration (Duarte et al., 2013) . Certainly, different routes of administration in combination with different doses will lead to different pharmacokinetics, and thus the amount of ligand that reaches the target cells. Knowing the degree of AhR activation systemically and within the target cells would be required to make meaningful conclusions about the influence of route of exposure on the immune response. Although the dose-response paradigm explains much of the conflicting data on AhR ligand-mediated immunomodulation, there are several studies which show that low doses of FICZ are anti-inflammatory rather than proinflammatory. In DSS-, TNBS-, and T cell transfer-induced models of colitis, 1 lg FICZ suppressed disease, downregulated inflammatory cytokines and upregulated IL-22 in colonic lamina propria mononuclear cells (Monteleone et al., 2011) . Likewise in a DSS-induced colitis model, daily i.p. injection of 1 lg FICZ ameliorated disease, prevented the diseaserelated reduction in CD8aa þ TCRab þ intraepithelial lymphocytes (IELs), increased IL-10-producing IELs, and reduced IFNc-producing IELs (Chen et al., 2017) . Furthermore, i.p. treatment of B6 mice with 100 lg/kg FICZ also ameliorated imiquimod-induced psoriasis . This therapeutic effect was attributed to AhR activation in keratinocytes, which exhibited an approximately 2-fold induction in Cyp1a1. The impact of FICZ on CD4 þ T cell differentiation was not reported, precluding direct comparison to our studies despite the same route of delivery and mouse strain. However, these findings appear to highlight differences in the sensitivity of distinct cell types (eg, colonic lamina propria cells, IELs, keratinocytes, CD4 þ T cells) to immune modulation by AhR ligands. One unresolved issue regarding the current study is the absence of exacerbation of the alloresponse by low-dose AhR ligand treatment despite the increase in IL-17 production. Although a Th1 response is known to promote the development of allo-CTL in the nonirradiated acute parent-into-F1 alloresponse model used in our studies, little is known about the role of IL-17 in this model. Specifically, it is not clear if the alloresponse generates a cytokine microenvironment conducive to the AhR-mediated enhancement of bona fide Th17 cells. It is also possible that the CD4 þ
IL-17
þ T cells generated in the alloresponse model are derived from non-Th17 Teff populations (eg, IL-17-producing Tregs, Th1 cells). If so, increased IL-17 production by low-dose AhR activation would not be evident in the endpoints that we measured on day 10 of the alloresponse (ie, body weight loss, %CTL). In the future, it would be interesting to test the dose response paradigm in a model that is known to be sensitive to both Treg and Th17-mediated perturbations, such as EAE (Komiyama et al., 2006) . In conclusion, with the exception of FICZ, there have been numerous reports demonstrating the immunosuppressive effects of high affinity, rapidly metabolized AhR ligands (Hauben et al., 2008; Nugent et al., 2013; Punj et al., 2014; Rouse et al., 2013) . In these studies, the AhR ligands were administered in the mg/kg range, rather than the lg/kg range, to suppress immune-mediated diseases. It is therefore surprising that FICZ dosing in the lg/kg range continues to be studied in comparison to TCDD. By considering metabolic sensitivity and the extent of AhR activation in the experimental design, future studies could more effectively identify real differences in the immunomodulatory potential of AhR ligands, whether because they are selective AhR agonists, lead to alternative receptor conformations, have additional signaling partners, regulate unique gene targets, or have indirect activity through their metabolites. In our studies, ligand-intrinsic effects were not apparent when comparing TCDD, ITE, 11-Cl-BBQ, and FICZ in both in silico and in vivo studies. All of the ligands activated the canonical pathway when given daily at an optimized dose. Additional studies to define the shape of the dose-response curve for inducing IL-17-producing cells and identification of the genes that are induced in CD4 
